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Abstract— In this paper, we propose a novel design for network influenced by Rateless codes [5], [6] where a seed of a pseudo-
coding vectors that limits the overhead information. Netwak  random generator is used to determine which source symbols
coding vectors contain information regarding the operatims the have been combined for the generation of a rateless encoded

packets have undergone in the network nodes. They are used at bol. Theref if initiali h d d
the decoder side to invert coding operations and recover thdata. SYMPO!. 1NEreiore, irone infializes the pseudo-randomege

We propose to reduce the size of this side information with ta  ator with a given seed, it produces always the same sequence
use of Vandermonde-like generator matrices at the source3hese of numbers. Similarly, in RLNC systems a naive approach
matrices permit to describe the coding operations performd on  could be to employ a seed of a pseudo-random generator that
packets with only one symbol. We analytically investigatete ;.o 4,ces a sequence of network coding coefficients. Althoug
limitations arising from such design constraints. Interesingly, we . . . . . . .
find that the feasible generation size is upper bounded bivg, g in this method is efficient in terms of compr-essmn, '_t ngcam .
Galois field F, of sizeq as this is the maximum packet diversity all the network nodes to be synchronized. This is a limit-
allowed by the employed generator matrices. In addition, we ing factor in the deployment of distributed RLNC systems.
show that network coding nodes should only perform addition Another drawback of such an approach is the need for large
operations in order to maintain the properties of the coding 4ok yp tables which leads to high computational compyexit
vectors. We flnally dISCU.SS the peneflts and limitations of th Instead | f f dified Vand d tri
proposed coding vectors in practical systems. nstead, we em_p oya orm ormo _' !e an grmon € matrices
for the generation of coding coefficients, which could benthe
determined uniquely by one single seed symbol. In addition,
the coding operations in the network nodes results in the
generation of another coding vectors that is also uniquely d
. INTRODUCTION scribed by another seed symbol. The analysis of the proposed

Network coding [1], [2] has attracted a lot of attentiorfi€sign which applies linear codinglify at sources and coding

during the past decade since it promises improved netwdmerqtions inf, in the network nodes, shows that our method
throughput, decreased delivery delay, and decentralived cconstitutes a tradeoff between small header overhead hand t

trol, among other interesting properties. One of the fir§eodputof the network coding system. Indeed, the set ofivali
attempts to make network coding practical has been preserf@Cket combinations is limited by the design of the coding
in [3] where Randomized Linear Network Coding (RLNCf:oefflment vectors. This may limit the throughput benefits i
[4] is employed. RLNC is pretty simple and does not requir‘é‘e network coding system. We also show th.at the generation
coordination between network nodes, which has made Sjg€ Should not exceelbg, ¢ due to the cyclic property of
popular in practical systems. It however requires each gtack’® Vandermonde matrices. Finally, we discuss methods for
to be augmented with a network coding header that contaif}§ deployment of the proposed network coding solution in
information about the coding operations in the network. IRractical settings. _
order to keep the size of the network coding header reasenabl 1he works in [7] and [8] are probably the studies that are
the network coding operations are limited to groups of peckdn€ closest to our proposed system. The first attempt to eeduc
sharing similar decoding deadlines. These groups of packBté size of the transmitted network coding vector withoyt an
are known as generations. Then, the length of a netwdigrformance loss has been made in [7]. This deS|g_n has been
coding vector isN log, ¢ bits, whereN denotes the number Proposed for RLNC [4]. The sources do not combine all the
of packets in a generation andthe size of the employed Packets and a unique vector of the fofm 0 1 ... 0] is
Galois fieldF, where the coding operations are performe@PPended to each packet at servers. Without loss of geyerall
Although, the segmentation in generations shortens thgttien@S the packets travel through the network, omlyf them are
of network coding vectors, the related overhead might stfPmpined in network nodes. The resulting coding vector is
affect the goodput of the system. compresglble to a vector of sizen. T_hls becomes feasible by

In this paper, we propose a design that shortens the etRding with parity check matrices like those used by channel

ployed network coding vectors of RLNC schemes by imposirﬁj)des' Thg performance of thi; compression scheme_has been
a specific design of the generator matrices. Our work i&Proved in [8]. A segment ID is added to the header in order
to record the IDs of the sources that have been combined
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the amount of bandwidth spent for sending the coding vectors Thus, we have a set of equation of the form
as the coding vector overhead can become comparable to the (il W
payload. ayy=a;, 1=1,....M

[I. NETWORK CODING VECTOR DESIGN The only non-trivial scalar value that simultaneously sati
Coding coefficient vectors employed by RLNC schemef'ses all the above equalities {s= 1. Such a choice however

typically consume significant bandwidth resources. The rge_sults in the original coding vector. Hence, multiplicati

duction of the bandwidth needed for communicating the n_etwork n_o_des are not compatible with our design of the
coding vectors leads to more efficient exploitation of th%o_?_mg coefﬁc@nt VS\(/:tors. traint iated with th
network resources. Ideally, network coding vectors shdngld 0 summarize, two constrain s.are associated with the
of minimal size,i.e, one symbol. At the same time, thedeSIgn of network coding vectors: (@) the ger_1erat|0n siz€
linear properties of RLNC schemes should be maintained, S??Eld not flaxcede(M - 10%2 q be;:f_iuse Otf the cyclic p(rjopberty |
combinations of coding vectors should result in anotheidval®' '€ €Mployed generator matrices at Sources an (b) only

short coding vector, such that decoding can be achieved %?/dltlons between the network coding vectors are permitted

classical algorithms like Gaussian Elimination.
In order to achieve these properties, we propose to design [1l. DESIGN ANALYSIS
coding vectors based on Vandermonde matrices. These matri

, In order to constrain the size of the coding coefficient vecto
ces have the following structure

our design limits the set of possible coding operations @ th

1 a af af ... af network and hence the diversity of the packets.
/ 1 ay a3 a3 ... af Since every network coding vector is characterized by
A=l . : the first element of the corresponding row Af (seed), its
i am @, a%; _ ' an choice limits the number of possible coding operationshls t

) section, we focus on the probability to randomly generate at
Assuming that each row oA represents a coding vector,sources an innovative packeg., to produce novel information

we observe that the elements in the second columm of with respect to the packets that have already been generated

could be seen as “seeds” of a pseudo-random gener&or, The analysis of this probability brings information abohi t

one can produce all other entries of a row using only one pérformance penalty induced by our constrained encoding

these seeds. We adopt modified Vandermonde matrices thesign.

do not contain the first column. In particular, we want that We first examine the probability for the-th network coded

the addition inFF, of coding vectors (rows of the matrix) ispacket to be innovative. We also determine the size of the

uniquely described by a seed representing in another roleof tet of eligible seeds that permit the construction of fulika

matrix. This is however not always true in the above matrixquation systems at the decoder side. For the first packet, we

as know that it is non-innovative when the seed “0” (correspond
a +a#a;, i€ [l,mandi#1,2, to all zeros coding vector) is selected as we lose all thecsour
wherea;, ay, a, are vectors of the forna o ... a"]. But information. Seed “1” (corresponds to all ones codmg vgcto
this condition becomes true when the coding vectors are $tould also not be selected as the corresponding codingrvect
2 n .
the form [a; a? a¥ ... a2'] except fora; = 1. This does not result in a valid seed under addition. If we denotie wi

interestingly resembles the design of parity check maﬂricé(l) the set of the valid seeds when the first coding vector
used for maximum rank distance (MRD) codes [9] such &S Selécted at sources, we hagél) = _Eq\{o’ 1}. Thus, the
Gabidulin codes [10]. Hence, we propose to employ generaf§pPability of selecting a non-innovativeacket is

matricesA of the form y L |S(1)]
SR ¢ I ¢ [n] inv(l) = ————=
1 a; ay ... 4y q
21 (3] (n] —
A ‘1_2 a2 ?2 a Thus, it is P;,, (1) = 2/q. For the second packet we have

S(2) = F,\{0,1,a:} as the selected seed should also differ
from that of the first packet. Trivially, it isP;,,(2) = 3/q.
_ , In similar way, for the third packet we have th&(3) =
Whereay] =a?. F,\{0,1, a1, a2, a1+a2} as the seed of the third coding vector
Due to the cyclic property of the Galois fields, has a should not correspond to any of the previously selectedsseed
periodicity of M = log, ¢ symbols in every row. Thus, we nor their addition. Similarly for then-th coding vector, we
have a’ = o™ The addition of columns oA forms have
a valid codeword. This can be understood from the linearity me1
constraint of the MRD codes, which are similar to our codes. ¢g—8S(m)=2+(m—1)+ Z ( m-= 1 >
In RLNC based systems, the packets are also subject to ¢
multiplication by linear combinations in the network nodes

Under multiplication of a vectoa; with a scalary, we have 1please note that the term non-innovative includes the rectbthe form
,, [11 ... 1] that are described by the seed “1” as non innovative sincge the
[a17y a[12]’y a[13]'y e a[lM]’y] = [a; a?] a£3] e (IEJU]] do not satisfy the design constraints.

(2]

Ay Qi ag] a[ﬁ]

1=2



The probability that then-th packet is non innovative is equal
to P
- — |S(m —o—Fyp
B, (m) = L2150
q
Therefore, the probability that all the, packets that are
transmitted from the source are innovative is
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Finally, the number of valid coding vectors for the selectio
of the seed of then-th coding vector is; — |S(m)].

From the above, we can observe that, for > ¢, we
have S(m) > |F,|. Thus, we cannot employ generations of % 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
symbols that are larger thaog, ¢. Moreover, for a generation umber ofpackets

of sizem < g, the probability that the randomly selected seeq_qg_ 1: Probability of generating an innovative coding wectt

resullt in rank deficient system is— Pi,,. We should note sources with respect to the number of network coded packets
that in our system, the servers select the packet seedgjtakjy} Fos and Faus.

into account the previously selected seeds. Intermedates
perform operations with the received packets by means of
addition. We would like to emphasize that we employ shorté@r coding vectors with respect to the number of randomly
headers than [7], [8] and the length of the employed headiglected packets. The theoretical results are compardd wit
does not augment with the number of processing operatigigulation results. From Figs. 2(a) and (b), we can see higat t
(combinations) in the network, contrarily to [7], [8]. simulation results match the analysis and that only matgina
Finally, we would like to note that we focus only on thefifferences are observed. We can also note that the number
probability of generating innovative packets at the sosyrcedf available seeds decreases when the number of generated
as it is the main source of performance degradation of op@ckets increases. Furthermore, it decreases fast asrtitgenu
scheme. Some performance degradation is introduced by @fegenerated packets approachs It is also obvious that,
coding operations in the intermediate nodes. This is dukeo tvhen our system employs larger finite field sizes, it has a
fact that the addition of two or more packets might resulhia t lower probability of generating non-innovative packets.
same network coding header as another packet that is deailab For the sake of completeness, we have investigated the
in the node’s buffer. However, the same type of problemearigperformance of the proposed scheme in terms of the time
in other RLNC coding schemes, even if the actual penaltgquired to collect enough packets for decoding. The result
depends on the packet types and network settings. The maiif illustrated in Fig. 3. These resullts also reveal thedgaod
difference between our scheme and other RLNC schemeg@&ins, as higher goodput is associated with faster reseptio
thus due to the coding strategy at the sources. of packets. We compare the proposed scheme with RLNC in
regular networks consisting of three nodes per coding stage
where every node is connected with all nodes in the previous

) ) ) stage [11F The number of coding stages varies from two to
In the previous section, we have determined the performangg, Al the links have capacity equal to 200 symbols/sec

limits of the proposed network coding algorithm, which minty gympol = 12 bits). In our scheme, we restrict the coding
imizes the length of the coding vectors. We now illustratgnerations to pairs of symbols in order to increase the gacke
the performance of our algorithm by simulations. First, Wgiersity and to decrease the probability that some inféiona
investigate the probability that a randomly chosen coding gjiminated due to random coding operations. The operstio
vector is innovative with respect to the number of seedsef tf . performed inf,:2. From Section Ill, we have seen that
coding vectors that have been already generated. We presgat generation size is limited to 12 in this case. Hence, in
results coming from the evaluation of Eq. (1) for two codingger to maintain a high probability of innovative packets,
field sizesFps andFyis. From Fig. 1, we can observe that forye set the generation size equal to 10. We consider packets
the first few selec_tlo_ns of se_eds_ the probabl_llty that a ramgo \,ith small payloads (50 and 90 bytes), which are typical in
selected packet is innovative is approachingVe also see gengor networks. In the proposed setting, the sourcegmians
that, as the number of packets increases, the correspondiigyets until decoding is possible to all clients. We see in
probability decreases sharply. As expected, the prolglofi £ 3 that larger gains are noticed for smaller payloads due
finding innovative packets decreases smoothly with the sig€ | ver overhead in this case. Under the same bandwidth

of the Galois field. The results are presented for a number&fnditions, the proposed method permits to receive thegtack
packets that does not excegfl= 8 and M = 15 for Fys and

F,15 respectively, as we cannot have more innovative packetwe omit the performance comparisons with optimized rougogutions
by design. and rather use RLNC as a baseline scheme. In general, radlotions are
. . . inferior to RLNC schemes operating in large Galois fields &8/& schemes

The same conclusions can be drawn if we examine t 5n approach the min-cut of the underlying communicaticaplyr However,

proposed scheme in terms of number of available eligibldseehe gains of the network coding approaches depend on therietapology.

o
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Probability of finding an innovative coding vector

o
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IV. PERFORMANCE ANALYSIS
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Fig. 2: Number of eligible coding vectors at sources withpezs to the number of network coded packets for:Ha) and (b)
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employed generation size is upper boundedMy= log, g.

Our system is also appropriate for low-cost intermediatéeiso

as operations only consist of modulo-2 additions. Howdeer,
guaranteeing the maximum packet diversity at the network,
sources should carefully select the coding vectors of the
packets. Finally, the proposed method offers gains in teyins
the time required for decoding compared to traditional RLNC
approaches that employ large coding vectors compared to the
packet payload. The proposed approach is particularlyulisef
in sensor networks, since sensors have readings (messages)
with small payload and thus data should be packetized in few
packets (small generations).
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